Ageing is considered in the context of the abiotic stresses to which free-living organisms are normally exposed. Assuming that the primary target of selection of stress is at the level of energy carriers, trade-offs under the rate-of-living theory of ageing predict increased longevity from selection for stress resistance. Changes in longevity then become incidental to selection for stress resistance. I therefore suggest the reformulation of the rate-of-living theory to become a stress theoiy of ageing. This directly incorporates the characteristics of habitats in nature. Under this theory, the primary trait inherited is resistance to stress. Consequently, at extreme ages those with inherited resistance to abiotic stress should dominate. Furthermore, the reduction in homeostasis manifested by deteriorating ability to adapt to abiotic stress as ageing proceeds, should be slowest in those surviving longest.
Introduction
Ageing is regarded as a complex process because the identification and characterization of underlying mechanisms tend to be elusive. Consequently, there are numerous and accumulating theories of ageing, of which evolutionary theories form one major category (Medvedev, 1990) . There are, however, signs of convergence since Kowald & Kirkwood (1994) recently argued for a Network Theory of Ageing, which underlies evolutionary theories based upon metabolic considerations emphasizing energy utilization. A connnon feature of evolutionary theories of ageing is that natural selection should favour youth over age, which has led to the antagonistic pleiotropy mechanism to explain ageing whereby early reproduction is correlated with early ageing and conversely, long-lived individuals exhibit a lower early reproductive rate (Williams, 1957; Rose, 1991) . The object of this paper is to look at this approach in the context of the energetic costs of the environments of free-living populations.
In contrast, much experimental work on ageing, in particular in insects, has been based upon artificially benign laboratory environments. In the wild, lifespans are a small proportion of those obtainable in the laboratory. For example, Schnebel & Grossfield (1988) record adult Drosophila melanogaster living beyond 100 days in the laboratory, which is inconceivable in nature. Similarly, for most of human recorded history, median life spans were in the 25 to 35 year range compared with values now exceeding 70 years in U.S. populations (Cutler, 1984) . Therefore, to what extent are ageing studies in interpretative difficulties because of a concentration upon environments that are artificially benign following domestication? Indeed, there is evidence in captive animals that the capacity to tolerate temperature extremes falls after some generations indicating a relaxation of selection for stress resistance (Kohane & Parsons, 1988) .
Some Drosophila experiments on longevity ifiustrate the complications that can occur (Parsons, 1978) . In D.
simulans, soon after 20 laboratory-based isofemale strains were derived from natural populations, they were reared at 20°C and longevity measured at 20°C and 25°C. At both temperatures, there was significant heterogeneity among strains indicating genetic polymorphism for longevity in natural populations, but there was a large and significant 'strain x temperature' interaction giving an almost total lack of correspondence of strain longevities across temperatures. The conclusion is that studies on the genetics of ageing are only relevant to the environment selected. In contrast, from an identically designed experiment in the sibling species, D. melanogaster, there was reasonable correspondence of longevities across temperatures. Arguing from interspecific competition experiments (Arthur, 216 ecological distinction between these species in that 25°C is somewhat more stressful for D. simulans than for D. melanogaster. This suggests that correspondences across environments could break down when differing stress levels are involved.
Ageing studies therefore need to be carried out bearing in mind the environments to which organisms are exposed. For some evolutionary biologists the occurrence of environmental perturbations of an unpredictable nature, typically involving climatic extremes, emphasizes the role of physical factors in the determination of the distribution and abundance of organisms. Accordingly, Hoffmann & Parsons (1991) and Parsons (1993) summarized a diffuse literature on abiotic stress in free-living and fossil populations, and concluded that stress is important for many evolutionary and ecological processes. Even though biotic factors are often accorded a major role (Dunson & Travis, 1991) , they must normally be regarded as transient because of the environmental instability of most free-living populations.
In this paper, ageing will be considered bearing in mind the habitats of organisms, which as a first approximation can be reduced to an interaction between stress intensity, magnitude of (abiotic) environmental fluctuations and the energy available from resources. This model was recently used in considering evolutionary rates (Parsons, 1994) , where the interaction of stress increasing energetic costs with energy provided from resources was central. Energetic trade-offs are pivotal in the discussion to follow. After a discussion of such trade-offs, genes affecting longevity and their phenotypic effects will be considered leading to a stress theory of ageing.
Trade-offs and stress resistance In Drosophila, a negative correlation between longevity and specific metabolic rate occurs as a first approximation (Phillips & Hilliker, 1990) . For instance, using insects, increased temperature and metabolic rate tend to be associated with reduced lifespan (Miquel et al., 1976; Sohal, 1985) . Conversely, a reduction of metabolic rate following the elimination of flying extended the lifespan (Sohal, 1985) . These observations lead to the rate-of-living theory of ageing which postulates that the total metabolic expenditure of a genotype is relatively fixed. Consequently, the achieved longevity should depend on the rate at which this metabolic potential is depleted.
A frequent immediate response to abiotic stress is an increased metabolic rate (Hoffmann & Parsons, 1991) and reduced longevity. In parallel, high metabolic rate C The Genetical Society of Great Britain, Heredity, 75, 216-221. Simplified from Hoffmann & Parsons (1989 , where statistical analyses are provided.
mutants in D. melanogaster such as shaker tend to be stress-sensitive and short-lived (Barros et al., 1991; Parsons, 1993) . Conversely, strains of D. melanogaster selected for increased longevity tend to show reduced metabolic rate and increased stress resistance (Rose, 1991) , as well as increased antioxidant activity (Arking & Wells, 1990 ).
There is much evidence for such trade-offs. In D.
mercatorum, the allele for abnormal abdomen increases early fecundity but longevity is reduced (Templeton et al., 1985) ; underlying this polymorphism in nature are variable levels of desiccation stress. Hoffmann & Parsons (1993) increased resistance to desiccation in D. melanogaster by selection; correlated responses include reduced metabolic rate and increased longevity (Table 1 ). In the hymenopterous parasite, Aphytis lingnanensis, longevity increased following selection for resistance to extreme temperature (White et a!., 1970) . These results are consistent with the rate-of-living theory and hence the antagonistic pleiotropy mechanism to explain ageing. Underlying these trade-offs are observed or implied reductions in metabolic rate in association with increases in stress resistance. This accounts for the difficulty in separating the effects of a range of stresses in D. melanogaster, including high temperature, desiccation, starvation, irradiation, and toxic levels of the resources ethanol and acetic acid (Hoffmann & Parsons, 1989 , 1991 . Under antagonistic pleiotropy, negative correlations are expected among early -and late -fitness traits; however, in a survey of published experiments, Schnebel & Grossfield (1988) found a range from negative to positive correlations. Restricting the discussion to longevity selection data in D. melanogaster, negative correlations were found by Rose & Charlesworth (1981) and fluctuating to positive correlations by Lints et a!. (1979) . In the former experiments the stress level was higher than in the latter, because competition between larvae occurred. Based upon data of Clare & Luckinbill (1985) , some stress from competition appears necessary to obtain a response to selection (Parsons, 1987) , and hence the negative correlations expected under antagonistic pleiotropy.
Inherited stress resistance Under extreme stress, especially when close to where population continuity is threatened, phenotypic and genotypic variability tends to be high. Ionizing radiation is a useful stress for ageing studies, because a major consequence of radiation is the production of free radicals causing oxidative damage to DNA, protein and lipid, so that oxidative stress is a major contributor to ageing (Ames eta!., 1993) . Furthermore, since the level of oxidative damage is roughly related to the basal metabolic rate among a range of mammalian species (Adelman eta!., 1988) , the rate-of-living theory can be reformulated as the free radical theory (Sohal, 1985 (Sohal, , 1986 Arking, 1987) . More generally, this reformulation can be incorporated into the Disposable Soma Theory of Ageing, which supports the idea that ageing is caused by the accumulation of random molecular defects in the cell (Kirkwood & Hoffiday, 1979) , so that an underlying molecular and physiological basis to ageing is emerging consistent with the recently proposed Network Theory of Ageing (Kowald & Kirkwood, 1994) . Westerman & Parsons (1973) studied the effects of 60Co y-irradiation on longevity in D. melanogaster. The relative magnitude of the additive genetic component, as well as the relative importance of nonadditive and additive components, changed with the level of environmental stress (Table 2 ). In particular, under extreme stress where longevity was of the order of 1/10 of unirradiated controls, the additive genetic component was high. Since as already noted, reduced metabolic rate is associated with resistance to a range The process of ageing takes populations progressively towards the stressful boundary where extinction occurs. Therefore genetic variability should increase during ageing and should be highest at very late ages. For instance, in D. melanogaster Hughes & Charlesworth (1994) found an increase in genetic (additive and dominance) and environmental variation among males at late ages, and Engstrom et al. (1992) found that additive genetic and environmental variation for the number of adult offspring increased with age in lines successfully selected for lifespan. In contrast, earlier data of Rose & Charlesworth (1980) did not show an increase in additive genetic variance of fecundity with age; however, flies older than around 30 days old were not tested.
Arguing from the experimental data in Table 1 , at extreme ages the survivors should be comparatively stress resistant when tested at matched age. In Caenorhabditis elegans, mutants with extended lifespan have increased starvation and oxidative stress resistance (Kenyon etal., 1993; Larsen, 1993) . For oxidative stress, high superoxide dismutase (SOD) activity level in the mutant confers hyper-resistance to the superoxide-anion-generating drug paraquat (Vanfleteren, 1993) . Similarly, in D. melanogaster paraquat resistance is correlated with longevity (Arking et al., 1991) , and populations with postponed ageing and high resistance to irradiation had consistently high frequencies of an allele coding for high SOD activity (Tyler etal., 1993) .
Certain individuals therefore can cope better with abiotic stress during the ageing process and this ability is under genetic control. In agreement, Vaupel (1988) considers that "what children inherit from their parents is not their longevity per se but rather their frailty that is, a set of susceptibilities and risk factors that alter their chances of death at different ages". This could explain experiments where a mortality rate reduction at older ages occurred in large cohorts of medflies, Ceratitis capita (Carey et a!., 1992) , because assuming that genetically frailer individuals die at earlier ages, those remaining should be the most robust and stress resistant. This is consistent with genetic heterogeneity of mortality patterns within populations which increases towards extreme ages.
The results so far considered were obtained under laboratory environments which is useful for standardi-zation. Under such conditions deleterious mutations should have the greatest chance of survival, because selection against them should be weaker than in freeliving populations. This could underlie laboratory data from D. melanogaster (Engstrom et a!., 1992; Hughes & Charlesworth, 1994 ) that appear to support the mutation-accumulation mechanism of ageing, whereby deleterious alleles accumulate at later ages (Rose, 1991) . However, under strong selection from stress in natural populations, these mutants should not survive for long, so that senescence by this mechanism could be an artifact of benign environments. In agreement, there are many examples of mutants that do not inactivate enzymes and are heat sensitive (Langridge, 1968; Homyk et a!., 1980) ; these would be vulnerable in stressful environments. Therefore in conclusion, deleterious mutants may reinforce the ageing process in natural populations.
There is a need to characterize long-lived individuals physiologically and genetically emphasizing resistance to environmental extremes. In this connection, the maximum potential lifespan in human populations from classical Greek and Roman times to this day appears to be around 95 years, but during this period the median age for 50 per cent survival has at least doubled (Cutler, 1984) . This situation implies strong selection from stress throughout most of human existence, but the concomitant of increased longevity from stress-based selection (Table 1) would not be expressed except for a few outlier individuals. Today, selection for stress resistance is less intense than in earlier times so that extending the maximum lifespan may be difficult assuming an association between stress resistance and longevity. In fact, there is an overall loss in the potential of the old to adapt to thermal stress, because body temperature oscillates between wider limits of internal temperature compared with younger ages (Crews, 1993) . In parallel, tumours increase in frequency with age and are more heat sensitive than surrounding tissues (Overgaard, 1989) . Ageing therefore can be regarded as a process of progressively falling homeostasis in response to the stresses of the habitats in which organisms live. Interestingly, one of the loci studied by Schächter et a!. (1994) for their impact on human longevity in centenarians is important in the control of blood pressure, salt and water homeostasis, and the control of cell growth. This suggests a genetic component in generalized homeostasis associated with stress resistance.
Discussion
Genetical studies in D. melanogaster indicate that chromosome 3 underlies a substantial portion of
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observed response to selection for longevity (Luckinbill et al., 1988; Buck eta!., 1993) . There is a need for parallel substitution line experiments on a direct stress trait such as desiccation, where extremely high heritabiities (in excess of 0.6) have been recorded (Hoffmann & Parsons, 1991) . In contrast, estimated heritabilities of lifespan in Drosophila are lower -in the range of 0.11-0.44 (Yonemura et a!., 1989) . Both lifespan and resistance to stress should be assayed in selection experiments whatever the trait under direct selection. Considering stress, from data covering a wide range of animal and plant taxa, Riddoch (1993) finds that the more anodal allozyme/isozyme at the phosphoglucose isomerase, PGI, locus is favoured under stressful conditions including high temperature, high salinity, anoxia and desiccation. This suggests at least one locus in natural populations of importance in determining resistance to stress. This situation is not surprising since in vitro biochemical studies of PGI allozymes suggest that this enzyme is a direct target of selection of stress (Watt, 1983; Riddoch, 1993) .
Assuming the target of selection of stress is at the level of energy carriers, the trade-offs expected under the rate-of-living theory of ageing predict that selection for stress resistance should directly increase longevity. This reformulates the rate-of-living theory to become a stress theory of ageing. Extrapolating to closely related species, those that are stress resistant should have the longest lifespan. For example, in subgenus Sophophora of genus Drosophila, Schnebel & Grossfield (1988) rank longevities of D. melanogaster> D. ananassae> D. paulistorum, which corresponds to a ranking of resistances to desiccation stress (Parsons, 1982) . Based upon the assumed importance of abiotic stresses in natural populations, the variations in longevity should be incidental to selection for stress resistance.
In rodents, dietary restriction compared with unlimited food can increase longevity. This implies that excess food can be stressful. Excess food leads to elevated metabolic rate and elevated free radical production, and conversely dietary restriction leads to an antiageing effect at the cellular level (Pieri et al., 1992 ). Unlimited metabolic capacity should be selected against because of its metabolic cost. This follows from indications that animals evolve the metabolic capacity appropriate to their habitats in nature (Diamond & Hammond, 1992) . These deductions are compatible with a target of selection at the level of energy carriers. Koehn & Bayne (1989) argue that high stress resistance is associated with the efficient use of metabolic resources, so that individuals with a high level of efficiency can maintain growth and reproduction over a wide range of environmental conditions especially when resources are limited. In other words, a genotype with a low maintenance requirement can support growth over a wide range of environmental conditions. Furthermore, such individuals should show substantial homeostasis in response to stressful environments and should live longest. Since fluctuating morphological asymmetry, FA, is a measure of homeostasis (Thoday, 1958) in various environments (Parsons, 1992) , the least asymmetric individuals therefore should live longest. This was demonstrated in the forest tent caterpillar moth, Malacosoma disstria, where FA of the first tarsal segment of the proleg was significantly inversely related to survival ability under laboratory conditions (Naugler & Leech, 1994) . Therefore, individuals that have inherited high stress resistance and live longest should be the most symmetrical at a given age.
